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Comparative analysis of tertiary structure elements in signal
recognition particle RNA
Christian Zwieb1, Florian Müller2 and Niels Larsen3
Background: The signal recognition particle (SRP) is a ribonucleoprotein
complex that associates with ribosomes to promote co-translational translocation
of proteins across biological membranes. We have used comparative analysis of
a large number of bacterial, archaeal, and eukaryotic SRP RNA sequences to
derive shared tertiary SRP RNA structure elements. 
Results: A representative three-dimensional model of the human SRP RNA is
shown that includes single-stranded intrahelical and interhelical RNA loops and
incorporates data from enzymatic and chemical modification, electron
microscopy, and site-directed mutagenesis. Properties of the SRP RNA model
are an overall extended dumbbell-shaped structure (260 Å × 70 Å) with a
pseudoknot in the small SRP domain (a pairing of 12-UGGC-15 with 
33-GCUA-36), and a tertiary interaction in the large SRP domain (198-GA-199
with 232-GU-233). 
Conclusions: The RNA ‘knuckle’ formed in helix 8 of SRP RNA appears to
constitute the binding site for protein SRP54 or its bacterial equivalent, protein
P48. A dynamic property of this feature may explain the hierarchical assembly of
proteins SRP19 and SRP54 in the large SRP domain. Furthermore, the human
SRP RNA model serves as a framework to understand details of the structure
and function of SRP in all organisms and is presented to stimulate further
experimentation in this area.
Introduction
The signal recognition particle (SRP) is a cytosolic ribonu-
cleoprotein complex that facilitates the co-translational
translocation of proteins across lipid bilayers. SRP cycles
through at least three functional stages where it either
exists free in the cytosol, bound to ribosomes, or associ-
ated with the membrane (reviewed in [1]).
SRP, in its simplest form, contains one polypeptide, called
SRP54, P48 or ffh [2–4], that is bound to the SRP RNA.
The size of the RNA molecule varies from 519 nucleotides
in Saccharomyces cerevisiae to 77 nucleotides in Mycoplasma
mycoides. The SRP has been characterized best in the
mammalian system where it is typically composed of a 300-
nucleotide RNA and six proteins (SRP9, SRP14, SRP19,
SRP54, SRP68, and SRP72) [2]. Whereas most SRP pro-
teins interact directly with the RNA, the association of
SRP54 is dependent on the binding of protein SRP19 to
SRP RNA. It has been suggested that the sequential
binding of SRP19 and SRP54 is mediated through a con-
formational change in the RNA, thereby assigning the SRP
RNA a functional role in the assembly of the SRP.
The electron microscope reveals SRP to be an elongated
particle with a small and a large domain that are separated
by a flexible adapter [5]. The shape of the SRP RNA is
similar to that of the assembled particle, showing that the
RNA is present throughout the SRP [6]. Enzymatic and
chemical modification experiments and site-directed
mutagenesis approaches helped to assign protein-binding
sites to portions of the RNA. The small domain (see
Fig. 1) contains the protein SRP9/SRP14 heterodimer,
whereas the large domain includes proteins SRP19,
SRP54, and SRP68/SRP72. The inter-domain adapter was
predicted to correspond to a variable region of helix 5 and
appears to lack association with proteins. Preliminary
model building attempts [7] did not include single-
stranded interhelical or intrahelical regions, but neverthe-
less indicated that some RNA helices of the small and
large domain must be in close proximity to fit within the
dimensions (220–240 Å × 50–60 Å) of the particle as seen
in the electron microscope [5,6].
Earlier comparative analysis of 39 SRP RNA sequences
enabled us to determine common secondary structure ele-
ments of the SRP RNAs at the level of individual base
pairs [8]. An increasing number of aligned SRP RNAs,
reviewed in the SRP database (SRPDB) [9], helped to
extract possible tertiary structure elements directly from
the sequence alignment [10]. Here, we discuss two such
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elements that restrict the folding of the SRP RNA in three
dimensions: a pseudoknot structure in the small domain,
and a tertiary interaction in the large domain; the latter
may serve as a dynamic mechanism for the binding of
protein SRP54 in the eukaryotic SRPs. In developing a
three-dimensional model of the human SRP RNA as a
representative example, we also critically review the avail-
able experimental data and collectively incorporate and
explore possible foldings of the RNA with the computer
program ERNA-3D [11], a powerful RNA modeling tool.
Results and discussion
Comparative analysis of SRP RNA
The SRP RNA secondary structures, derived by compari-
son of more than 70 sequences (see Materials and
methods), served as the basis for our investigation of the
three-dimensional structure. Figure 1 shows as an example
the secondary structure of the human RNA with seven
helices, numbered 2–8 [8]. Where applicable, helix sections
are named with suffixed letters. Helices 2–4 and sections 5a
and 5b are part of the small SRP domain. The large SRP
domain is composed of sections 5g–5k and helices 6–8. 
Although the structural arrangement of the mammalian
SRP is similar to the SRP RNAs from the lower eukary-
otes, such as the yeasts, these organisms have a greatly
reduced small domain. In the Archaea, the deduced sec-
ondary structure is very much like that of the eukaryotes,
but there is an additional helix (helix 1) close to the RNA
termini. Most bacterial SRP RNAs possess only helix 8
and a phylogenetically conserved portion of helix 5 that
appears to correspond to helices 5g–5k (Fig. 1). An excep-
tional case are the SRP RNAs of the geni Bacillus and
Clostridium that, as in all bacterial secondary structures, are
missing helices 6 and 7 but are equipped with a small
domain that includes helices 1–5. These structures,
although not shown here, will be discussed below.
Folding restraints beyond the interactions of the sec-
ondary structure are necessary to accommodate the mam-
malian SRP RNA within the 220–240 Å × 50–60 Å
dimensions of the particle [5–7,12]. This expectation is
supported, among other findings, by investigations of the
structure of the SRP with RNases, chemical modification,
and systematic site-directed mutagenesis. Results from
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Figure 1
Secondary structure of human SRP RNA. Base pairings are shown as
supported by comparative sequence analysis of SRP RNA sequences
in the SRP database [40,41]. The 5′ and 3′ ends of the RNA molecule
are labeled; helices are marked 2–8 according to the nomenclature of
Larsen & Zwieb [8]; residues are numbered in 10-nucleotide
increments; base-paired sections (highlighted in gray) of helices 5, 6,
and 8 are suffixed a–k in helix 5, and a–c in helices 6 and 8; pairing
between the loops of helices 3 and 4 (left part of the figure) indicates
the proposed pseudoknot (pseudo) in the small SRP domain; and the
postulated tertiary interaction (ter) between the tip of helix 8 and an
internal loop between sections 5j and 5k in the large domain of the
SRP is shown at the right.
these experiments were compiled (Table 1) and, when
viewed collectively and critically, led to a model for the
three-dimensional structure of the human SRP RNA
(Fig. 2) serving as a representative example for all SRP
RNAs. The modeling process was assisted by the ERNA-
3D software, a program that generates A-form RNA from
the base-paired regions. The helical sections are con-
nected by single strands derived from reiterated rotations
along the sugar-phosphate backbone [11]. ERNA-3D
allowed us to manipulate the resulting preliminary three-
dimensional model in space and real time, as is possible
with a physical model but with greater accuracy and ease
of use (see Materials and methods).
For additional constraint of the model, we have expanded
the comparative sequence analysis approach to identify
loops that are apart in the primary and secondary structure
but close in three dimensions. Two such interactions were
considered and are discussed in detail below. They are, in
the small SRP domain, a pseudoknot formed between the
loops of helices 3 and 4 (12-UGGC-15 with 33-GCUA-36
in the human SRP RNA), and, in the large domain, a ter-
tiary interaction between the terminal loop of helix 8 (198-
GA-199) and the internal loop of helix 5 at 232-GU-233
(Fig. 3).
Helix 5 sections of the adapter were placed adjacent to
each other at distances that tend to preserve the A-form
helical character of RNA in the single-stranded intersec-
tional regions. The resulting extended character of the
adapter is in agreement with the positions of the four sites
that are hypersensitive to digestion by micrococcal nucle-
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Table 1
Data used in the modeling of the SRP RNA structure.
ase ([13]; Fig. 2b). The human SRP RNA appears in the
three-dimensional model as an elongated molecule with
an maximum length of 260 Å (the distance between U300
and A172) and a maximum width of 70 Å (the distance
between C116 and G148).
The small SRP domain
The small domain includes, in the human SRP RNA, the
ends of the SRP RNA molecule with helices 2–4 and sec-
tions 5a and 5b. The boundary between the small
domain and the adapter is defined by ribonuclease-sensi-
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Table 1 (continued)
Data used in the modeling of the SRP RNA structure. 
No, nucleotide position. N, nucleotides A, C, G, or U. 2°, RNA
secondary structure feature: h, helices numbered according to the
nomenclature of Larsen & Zwieb [8] with letter-suffixed sections; knt, a
base that is part of the pseudoknot in the small domain of the SRP; tr,
a base that participates in the tertiary interaction of the large domain.
C, degree of conservation in a representative set of aligned eukaryotic
SRP RNA sequences (see Materials and methods): H, conserved in
more than 90% of the sequences; M, conserved in 80–90% of the
sequences; L, conserved in 70–80% of the sequences; R indicates
the conservation of a purine; Y, conserved pyrimidine; K, conserved G
or U; W, conserved A or T; HS marks a site that is hypersensitive to
digestion by micrococcal nuclease [15]. V, accessibility of the human
SRP RNA to the double-stranded RNA-specific nuclease V1 [15]: S,
highly accessible site; W, weakly accessible site. R, accessibility of the
human SRP RNA to single-strand-specific RNases [15]: S, highly
accessible site; W, weakly accessible site. 9/14, nucleotides that are
protected (P) from hydroxyl radical cleavage by the SRP9/SRP14
protein heterodimer [16] or bases that are inaccessible (I) to an Fe-
EDTA reagent in the naked RNA. 19, bases that affect the binding of
protein SRP19 when altered by site-directed mutagenesis [27,28]: S,
strong; M, intermediate; W, weak effect. 54, binding site of protein
SRP54 as derived by the RNase protection analysis of the
Mycoplasma SRP [30] are indicated by the + signs. 68/72, bases
protected from cleavage by -sarcin in the presence of the
SRP68/SRP72 protein heterodimer [31].
tive sites at positions 64/65 and 280 ([13]; Table 1;
Fig. 1). 
Comparative sequence analysis strongly supports the for-
mation of a pseudoknot between the loops of helices 3 and
4 in the SRP RNAs of the Archaea, Clostridium, and the
Bacilli [8]. Figure 3a shows that a similar interaction is
present in the SRP RNAs of eukaryotes, although the
assignment is supported less stringently. The number of
base pairs is particularly low in the plant sequences, and
this may be because these organisms operate at compara-
tively lower average temperatures at which there is a
reduced tendency to break hydrogen bonds. As shown in
Figure 3, but not included in the three-dimensional
model, the interaction may involve A–G and A–C non-
Watson–Crick ‘pairings’, which occur commonly else-
where in otherwise well supported regions [8,9]. 
The suggested pseudoknot introduces considerable con-
straint upon the folding of the small SRP domain (Fig. 4).
There is further restriction caused by a proposed coaxial
stacking [14] between helices 2 and 4. The need to pre-
serve helix stacking is supported by the immediate transi-
tion from helix 4 to helix 2 between A43 and G44 as seen
in the alignment of the archaeal and eukaryotic SRP RNA
sequences [9]. Furthermore, G44 and G45 are recognized
by the double-strand-specific RNase V1 [15], demonstrat-
ing that they are accessible and located within a larger
helical region. The transitional C3–G44 base pair is con-
served which emphasizes its importance, potentially for
the overall stability of the stack (Table 1).
The proposed structure of the mammalian SRP RNA in
the small domain is mutually supported by findings listed
in Table 1. Of those, we note that the bases at positions
2–4 and positions 15 and 16 are hidden within the folded
RNA (marked dark blue in Fig. 4a) and are protected from
hydroxyl radical cleavage [16]. In further agreement with
the proposed structure, regions that are attacked by
RNases [15] are located on the outside. The nuclease
accessibilities of the 5′ portion of helical sections 5a and
5b are also consistent with the model.
Nucleotides at positions 5–10 and 17–29 are protected by
the SRP9/SRP14 heterodimer from chemical modifica-
tions and cluster on one side of the pseudoknot-forming
helices (Fig. 4). Two additional protected patches are
located in helices 5a and 5b at positions 48–51 and 58–62
[16]. From these data it seems likely that the proteins are
sandwiched between the knot and helix 5. Using another
set of chemical reagents the areas that were protected in
the SRP, but not the SRP RNA, included the 5′ portion of
the pseudoknot and the 3′ portion of helices 4 and 2. It
was suggested that these may be due to indirect effects of
the proteins [17].
The binding of proteins SRP9/SRP14 is expected to limit
movement around U47 considerably (Figs 1,2,4). Of
course, the precise relative orientation of the protein-
binding sites remains to be determined and must take into
account the size and shape of the SRP9/SRP14 het-
erodimer. The interhelically located nucleotides U23,
G24, and U25 are in an accessible loop that is likely to
constitute an important protein-binding site [16]. For
proximity reasons (Fig. 4), we considered an interaction
between this region and an internal loop in helix 5
(nucleotides A289 and C290) but, because of the con-
served nature of the involved nucleotides, this is irres-
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Figure 2
Three-dimensional model of human SRP RNA.
A 100 Å ruler indicates the approximate
dimensions of the model (260 Å × 70 Å); two
different views (a) and (b) are derived by
rotation by 90° around the long (helix 5) axis.
The model was constructed on a Silicon
Graphics Indigo 2 Extreme workstation with
the program ERNA-3D [11] with
considerations as described in Results and
discussion. The sugar-phosphate backbone 
is shown as a narrow tube with base-paired
regions of each helix colored differently: 
helix 2, dark brown; helix 3, orange; helix 4,
light brown; helix 5, dark blue; helix 6, green;
helix 7, yellow; helix 8, red; the pseudoknot
interaction (pseudo) and the tertiary
interaction (ter) are shown in pink. The 5′
and 3′ ends and helices 2–8 are labeled in
the bottom view. Arrows show the sites of
hypersensitivity to micrococcal nuclease
digestions [15]. These four sites demarcate
the small domain (left), the large domain
(right), and the adapter (center). Small and
large domains of the SRP RNA are described
in detail in Figs 4,5.
olute. The ends of the RNA were placed relatively closely
to each other to allow the attachment of helix 1 as found in
the Archaea and the Bacilli. As the corresponding interhe-
lical loops consist of at least four nucleotides [9], however,
this information provides only slight constraints and is
therefore of limited value.
The large SRP domain
In humans, the large SRP RNA domain consists of a con-
tinuous 152-nucleotide RNA strand that includes in its
secondary structure sections 5g–5k and helices 6, 7, and 8
(Fig. 1). Its boundaries are defined by micrococcal nucle-
ase hypersensitive sites at positions 101 and 252 ([13]; see
also Table 1 and Fig. 2b). Sections 5g–5k and helix 8 align
with the bacterial 4.5S RNA and contain a cluster of con-
served nucleotides [8,9].
We have constrained the three-dimensional structure of
the large domain by a new tertiary interaction between the
terminal loop of helix 8 (positions 198 and 199) and an
internal loop located in helix 5 (positions 232 and 233; see
Figs 1,5). These sites were identified first in an subalign-
ment of representative SRP RNA sequences by the com-
puter program Consensus Matrix ([18]; see Materials and
methods) and are present in all SRP RNAs. Because of the
conserved nature of G198, its pairing with U233 cannot be
confirmed or disproved by compensatory base changes,
but there are three nonconflicting U→C transitions in
Escherichia coli, Bacillus subtilis, and the yeast Yarrowia
lipolytica. The support for the pairing between positions
199 and 232 is robust, with commonly occurring A–G
‘pairs’ in the human and Schizosaccharomyces pombe
sequences (Fig. 3b). 
The terminal loop of helix 8, postulated to be engaged in
the tertiary interaction, is a tetranucleotide loop
(tetraloop) with the consensus sequence GNRA (where N
can be any nucleotide and R any purine) in all but the
plant SRP RNAs. Tetraloops occur frequently in many
large RNA molecules [19] where, because of their peculiar
structures [20,21], they increase the stability of the corre-
sponding helix. It has been noticed that the GNRA-motif
is structurally similar to a U-turn (or UNR-motif) [22],
ideally suited for RNA tertiary interactions [23]. Interest-
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Figure 3
Alignment of SRP RNA sequences. (a)
Alignment in the pseudoknot region of the
small SRP domain. (b) Alignment in the
regions that are involved in an interaction
between the tip of helix 8 and an internal loop
in helix 5. Sequences are ordered
phylogenetically with the bacteria on top;
species IDs (left column of each panel) are as
in the SRP database (SRPDB) [9]. Only one
representative sequence is shown when it is
identical to the sequence of a close relative.
BAC.SUB., Bacillus subtilis; BAC.BRE.,
Bacillus brevis; MET.VOL., Methanococcus
voltae; MET.FER., Methanothermus fervidus;
MET.ACE., Methanosarcina acetivorans;
HAL.HAL., Halobacterium halobium;
ARC.FUL., Archaeoglobus fulgidus;
SUL.SOL., Sulfolobus solfataricus;
PYR.OCC., Pyrodictium occultum; THE.CEL.,
Thermococcus celer; ZEA.MA., Zea mays;
TRI.AS., Triticum aestivum; ARA.TH.,
Arabidopsis thaliana; HUM.JAP., Humulus
japonicus; LYC.ES., Lycopersicon esculentu;
CIN.HYB., Cineraria hybrida; PER.AME.,
Persea americana; COL.BLU., Coleus
blumei; GYN.AUR., Gynura aurantiaca;
BEN.HIS., Benincasa hispida; XEN.LAE.,
Xenopus laevis; DRO.MEL., Drosophila
melanogaster; CAE.EL., Caenorhabditis
elegans; MUS.MU., Mus musculus; HOM.SA.,
Homo sapiens; ESC.COL., Escherichia coli;
MYC.PNE., Mycoplasma pneumoniae;
MIC.LYS., Micrococcus lysodeikticus;
ORY.SAT., Oryza sativa; HUM.LU., Humulus
lupulus; YAR.LI., Yarrowia lipolytica;
SCH.POM., Schizosaccharomyces pombe;
TET.THE., Tetrahymena thermophila;
TRY.BR., Trypanosoma brucei. Base pairs of
the pseudoknot and the tertiary interaction are
shown in reverse print and indicated by >> <<;
portions of helices 8 and 5 are indicated by
numbers in the top row of (b), double dots
between the interacting regions represent a
variable number of nucleotides, and numbers
in the bottom row are nucleotide positions in
the human SRP RNA. The current alignment
of all SRP RNA sequences is available from
the SRPDB at the Internet address
http://pegasus.uthct.edu/SRPDB/SRPDB.html
or by request from the corresponding author.
ingly, plant SRP RNAs replace the tetraloop with a hexa-
loop that contains the sequence UCA [8,9], thereby con-
forming to a UNR-motif and the potential to perform the
same function as the GNRA-tetraloop.
The proposed tertiary contact requires motion in the axes
of sections 5k and helix 8 such that the RNA in helix 8
forms a ‘knuckle’. This design is favored by the presence
of two pronounced internal loops in helix 8 of all SRP
RNAs, by the degree of freedom that is present at the
junction of helices 5, 6, 7, and 8 (Fig. 1), and by the evi-
dence for a bend in the equivalent portion of the bacterial
SRP RNA [24].
The precise spatial placement of the various helix sections
of the large domain is necessarily somewhat arbitrary. We
have, however, considered nuclease and chemical suscep-
tibility data ([15,25]; Table 1) to bring accessible sites to
the periphery in the model of the human SRP RNA. For
example, the RNase V1 sensitive sites C114–C116 and
C246–U248 are located externally, as are the nuclease-
accessible clusters at the junction of 5k with 6a
(U128–A130), the internal loop in helix 8 (U213–A215),
and the loop that connects sections 5k and 5j
(U229–U233).
Because helix 6 lacks conspicuous internal loops, it
appears to form a single more-or-less continuous stack with
inconsequential deviation of the axial directions. This
view is supported by the RNase V1 cuts at C143/C144 and
C158–C162, and by the fact that base pairings, but not
individual nucleotides, are conserved in helix 6. Two
exceptions to this rule are the moderately conserved G135
and the tetraloop (positions 147–150; Table 1) which has
the consensus sequence GNAR. We placed helix 6, with
the RNase V1 sensitive sites at the periphery, at a protrud-
ing angle such that protein SRP19 is accommodated in the
core of the large domain and, in relation to helix 5, is
located on the same side as helix 8 (Fig. 5). In agreement
with this aspect of our model, systematic site-directed
mutagenesis showed effects on the binding of SRP19
when helix 6 was altered, but also when the conserved
A192 or bases in section 8c were changed [26–28].
The domain of SRP54 that interacts with SRP RNA (M-
domain) is large enough to cover a significant portion of
helix 8 [29]. This view is justified by the fact that helix 8,
a portion of helix 5, and the SRP54 homolog (ffh or P48)
are the sole components of the bacterial SRP. Further-
more, ffh protected only helix 8 from RNase digestion in
the Mycoplasma SRP [30]. Nevertheless, helix 8 is also in
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Figure 4
Relaxed stereo views of the structure of SRP
RNA in the small SRP domain. The drawings
were made on a Silicon Graphics Indigo 2
Extreme with the program DRAWNA [42].
The 5′ and 3′ ends, helices 2–5, and the
pseudoknot (pseudo) are labeled. (a) The
loops of helices 3 and 4 are shown in purple;
sites that are protected from hydroxyl radical
cleavage by the SRP9/SRP14 protein
heterodimer [16] are marked on the sugar-
phosphate backbone in red and on the bases
in orange; sites that are protected by the
reagent in the naked RNA are in dark blue. 
(b) Shows the same structure turned
approximately 180° around the helix 5 axis
and highlights the degree of conservation for
each base. Positions that are conserved or
invariant in more than 90% of the
representative sequences (Materials and
methods) are shown in purple; bases with an
intermediate degree of conservation
(80–90%) are shown in red; bases that are
conserved in 70–80% of the sequences are
colored orange; and two sites (G14 and K55)
are colored yellow, indicating their bias
towards R (purine) and K (G or U),
respectively.
contact with SRP19 and possibly with SRP68/SRP72, or
involved in tertiary interactions.
As could be expected from the large size of proteins
SRP68/SRP72, their RNA-binding area is complex and
diffuse, with sites that are located throughout the large
domain. Several regions needed to bind SRP19 and
SRP54 (e.g. sections 6a, 6b, 8b, and 8c; see Table 1) are
also protected from digestion by -sarcin when
SRP68/SRP72 is present [31]. Conformational changes
that occur in the SRP [17] may cause complications in the
current interpretation of the experimental results. Despite
this impediment, we wish to point out the SRP68/SRP72
interactions with the 3′-proximal part of helix 6
(A163–G168), helix 7 (A173–A176), and all SRP68/SRP72-
binding sites in helix 5 (Table 1; Fig. 5) as compatible
with our model of the SRP RNA.
Hierarchical assembly of SRP19 and SRP54
The assembly of the large SRP domain occurs in a step-
wise fashion whereby protein SRP19 binds first, followed
by SRP54 [2,32–34]. In the absence of SRP RNA there are
no discernible interactions between SRP19 and SRP54, so
the RNA appears to function as a mediator of SRP assem-
bly, most likely through changes in the RNA conformation
that occur upon binding of SRP19. 
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Figure 5
Relaxed stereo views of the structure of SRP
RNA in the large SRP domain. The drawings
were made on a Silicon Graphics Indigo 2
Extreme with the program DRAWNA [42].
Labeled are helices 5–8 and the tertiary
interaction (ter) involving the tip of helix 8 and
an internal loop in helix 5. (a) Binding sites for
proteins SRP19 (green, pronounced
mutational effects; orange, mild effects),
SRP54 (red), and SRP68/SRP72 (blue). 
(b) Degree of conservation for each base as
in Fig. 4: bases conserved or invariant in more
than 90% of the representative sequences are
shown in purple; bases with an intermediate
degree of conservation (80–90%) are shown
in red; bases that are conserved in 70–80%
of the sequences are colored orange. Seven
sites in yellow represent conserved
pyrimidines (U108, U110, and U121),
conserved purines (G150, G243, and G225),
and U137 (conserved as a G or U). The pink
bracket indicates the conserved RNA knuckle,
exposed to bind protein SRP54.
Conformational changes in the RNA are supported by the
finding that there are two electrophoretic variants of the
SRP RNA, called A-form and B-form [35]. Furthermore,
SRP19 enhances the RNase accessibility of certain sites
(e.g. U121/122, G135/136, G174/175, and C190) and binds
to the high-mobility B-conformer about 3.5 times better
than to the A-conformer [25]. As decreased flexibility
and/or increased compactness are among the factors that
cause RNA to migrate faster during electrophoresis in
native polyacrylamide gels [36,37], we hypothesize that
the SRP RNA exists either as a closed form that contains
the proposed tertiary interaction between helix 8 and
helix 5, or as an open form in which this interaction is
absent. The rigid RNA molecule (the B-form) may bind
SRP19 more avidly because it closely resembles the
SRP19-binding site. As the SRP19–RNA complex exists
as a single electrophoretic species [25], the interaction
with the loosely structured A-conformer appears to cause a
shift to a B-like conformer. This interpretation resolves an
apparent discrepancy between data from site-directed
mutagenesis experiments of the helix 8 tetraloop (198-
GAAA-201) that indicated no effects on the binding of
SRP19 [27] and earlier findings that suggested an interac-
tion between the helix 8 tetraloop and SRP19 [31]. As
G197 and G198 were less accessible to RNase T1 in the
presence of SRP19 [25], our model suggests that the pro-
tection of these residues is due to a tertiary RNA–RNA
contact with helix 5 (Fig. 5).
As a result of the binding of SRP19 to SRP RNA, an RNA
‘knuckle’ is formed in helix 8 to generate a binding site for
SRP54. Helix 8 includes, among others, nucleotides 192-
AGG-194, and 205-AGCAG-209 (Table 1) which are part
of a conserved core in all SRP RNAs (Fig. 5). It is cur-
rently unclear whether SRP19 simply selects RNA mole-
cules that fold properly thereby pushing the conformer
equilibrium towards the compact B-like form [38] and an
SRP54-favored helix 8 conformation, or whether it plays
an more active role in creating the SRP54-binding site.
Nucleotides U117 and A118, which are located across from
the tertiary interaction at 232-GU-233 (Fig. 1), are accessi-
ble to double-strand-specific and single-strand-specific
nucleases ([15]; Table 1). This apparent contradiction is
explained by the formation of a phylogenetically sup-
ported A118–U233 base pair in the A-conformer, thereby
extending helical section 5j, which would be present in
only a subset of SRP RNA molecules.
Implications for the structure of SRP
The dimensions of the human SRP RNA model approxi-
mate what has been determined in the electron micro-
scope [5,6] with the model being slightly larger. The
differences, in the order of 20–40 Å, may reflect ambigui-
ties or dehydration in the electron microscopic determina-
tions and/or our model building. For example, helical
sections 5c–5f may zigzag and may not be oriented coaxi-
ally as shown in the model, thereby providing room for
variation in the length of the long axis. Our limited knowl-
edge about the size and shape of the SRP68/SRP72 het-
erodimer (discussed above) will almost certainly make it
necessary to improve the model gradually when these data
become available. Studies may have to take into account a
substantial flexibility of the SRP including possibly major
changes in SRP RNA conformation [17]. 
We view our model as a first step in the detailed molecular
analysis of the SRP. Furthermore, the model will provide
a framework to understand SRP structure and function in
context with the other players in the SRP cycle, such as
the ribosome and membrane substituents.
Materials and methods
Comparative sequence analysis
Alignment procedures have been described in detail previously [8].
Briefly, sequences of close relatives were grouped first on the basis of
their primary structure similarity. Each group of aligned sequences was
then aligned against other groups. Sets of conserved nucleotides were
identified to align the more variable regions. Lastly, common secondary
structural elements were used as markers in the more variable regions.
Alignment columns were examined visually for compensating base
changes of the Watson–Crick-type (including G–U pairs) that would
support the existence of a particular base pair. Only base pairs for
which there was at least twice as much positive evidence as negative
were considered valid.
The RNA–RNA interaction in the large SRP domain (198-GA-199 with
232-GU-233) was identified with the program Consensus Matrix,
version 1.86 [18]. Because of matrix size limitations of the program, a
representative subalignment was generated with SRP RNA sequences
from the following organisms, listed according to their ID in the SRPDB
[9]: THE.THE., LEG.PNE., PSE.AER., ESC.COL., MYC.PNE.,
MYC.MYC., MIC.LYS., BAC.SUB., BAC.STE., BAC.CER., BAC.THU.,
BAC.MEG., BAC.BRE., MET.VOL., MET.FER., MET.THE., MET.ACE.,
HAL.HAL., ARC.FUL., SUL.SOL., PYR.OCC., THE.CEL., ZEA.M.-A,
ORY.SAT., TRI.A.-A, ARA.T.-A, HUM.JAP., HUM.L.-A, LYC.E.-A,
CIN.HYB., YAR.L.-A, SCH.POM., TET.THE., TRY.B.-A, XEN.LAE.,
DRO.MEL., CAE.E.-A, RAT.RAT., CAN.SPE., and HOM.S.-A. The
thresholds in the analysis of covariation were set to one base pair and
to a display filter value of 0.37; G–U interactions were allowed to form.
Nucleotide conservations of the eukaryotic SRP RNAs were calculated
from a representative alignment that included the sequences from
ZEA.M.-A, TRI.A.-A, ARA.T.-A, HUM.JAP., LYC.E.-A, CIN.HYB., YAR.L.-
A, SCH.POM., TET.THE., TRY.B.-A, XEN.LAE., DRO.MEL., CAE.E.-A,
RAT.RAT., CAN.SPE., and HOM.S.-A (listed with their SRPDB ID [9]).
SRP RNA model building
At an early stage, a physical model (scale 1 Å ≈2 mm), made of wire for
the sugar-phosphate backbone and cylinders for the helix sections,
was used to test basic ideas about the folding of the SRP RNA in three
dimensions. Although still useful for that purpose, greater accuracy is
provided by models in electronic form. We have used a pre-release
version of the program ERNA-3D on an Silicon Graphics Indigo 2
Extreme workstation running IRIX version 5.2. As input for ERNA-3D
we used the secondary structure of human SRP RNA determined by
comparative sequence analysis [8], including a pseudoknot in the small
domain. The three-dimensional model generated by the ERNA-3D was
viewed with wireless LCD stereo glasses (Stereographics). Individual
helices or helix-sections were treated as clusters and manipulated with
the mouse and the on-screen cursor box. The conformations of the
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single-stranded regions or loops were accepted as calculated by the
program, unless collisions occurred, in which case the strands were
untangled manually.
Experimental data were compiled and incorporated into the model by
color-coding of the bases. Repetitively, the structure was modified
until it satisfied the experimental results. Structural details without
theoretical or experimental support (such as in the adapter and, pos-
sibly, in the large SRP domain) were not included, resulting in a
minimal three-dimensional model. The structure is available in PDB
file format [39] from the SRPDB at the Internet address
http://pegasus.uthct.edu/SRPDB/SRPDB.html or by request from
the corresponding author.
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